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Successful mitosis requires coordinated activities of
microtubules and numerous associated proteins. A
recent study implicates the microtubule-associated
protein MAST/Orbit in a surprisingly wide array of
mitotic activities, ranging from maintaining mitotic
spindle bipolarity to tethering chromosomes to the
ends of microtubules.
The segregation of chromosomes during mitosis
occurs on a remarkably complex and dynamic micro-
tubule-based machine termed the mitotic spindle
(Figure 1). During the past several decades, our basic
understanding of the mechanisms underlying spindle
function has advanced significantly as a result of 
the discovery and characterization of numerous pro-
teins that bind spindle microtubules. Most of these
can be categorized into two multi-family classes:
motors, which generate force and movement along
the surface of microtubules, and ‘conventional’
microtubule-associated proteins (MAPs) [1], many of
which are thought to stabilize microtubules. While
motors are now known to participate in numerous
mitotic events [2], the mitotic functions of MAPs
remain far more mysterious. New and surprising
insights into the spectrum of mitotic MAP functions
have emerged from a series of studies of MAST/Orbit,
the Drosophila member of a phylogenetically con-
served MAP family [3–5]. Most recently, work by
Maiato et al. [5] has implicated MAST/Orbit as a key
player in maintaining spindle architecture and moving
chromosomes along spindle microtubules. And a new
study [6] of the yeast MAST/Orbit homologue STU1p
has revealed unexpected functional inter-relation-
ships between members of this MAP family and
mitotic motors.
MAPs were originally discovered as proteins that
co-purify with microtubules from bovine brain, and so
early on they were considered primarily for their roles
in organizing neuronal microtubule arrays [7]. Subse-
quently, related proteins were identified in a variety of
non-neuronal systems, and it quickly became clear
that their functions extend beyond the nervous system
and even into mitosis (for example [8]). To date, multi-
ple MAPs with potential roles in mitosis have been
discovered, most falling into one of several conserved
families. One of these is defined by MAST/Orbit, orig-
inally identified in two independent genetic screens for
mitotic regulators in Drosophila [9,10]. Homologues of
MAST/Orbit have also been identified in fungi [11],
nematodes [12] and humans [13].
Upon analysis, the mast/orbit locus of Drosophila
was found to encode an approximately 165 kDa
microtubule-binding protein that localizes to centro-
somes, spindle microtubules and kinetochores (multi-
protein structures which link chromosomes to spindle
microtubules). Revealingly, loss-of-function mutations
in mast/orbit were found to result in striking defects in
spindle structure, most significantly the presence of
mono-astral spindles associated with circular arrange-
ments of mitotic chromosomes [3,4]. Thus, it was clear
that MAST/Orbit impacts the structural integrity of the
spindle. But how?
The mono-astral spindle phenotype of mast/orbit
mutants provided insights into MAST/Orbit function.
Indeed, a similar phenotype had been observed in fly
strains carrying mutations in the gene for KLP61F
[14], a bipolar kinesin motor that functions antagonis-
tically to carboxy-terminal kinesins in a conserved
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Figure 1. The mitotic spindle and chromosome motility.
(A) Mitotic spindle bipolarity. The mitotic spindle is a bipolar
structure, consisting of two partially overlapping radial arrays
of microtubules oriented with their highly dynamic plus-ends
facing away from duplicated centrosomes (which define the
spindle poles). The maintenance of spindle bipolarity involves
counterbalancing ‘inward’ forces, which bring the poles
together, and ‘outward’ forces, which drive the poles apart,
generated by carboxy-terminal and bipolar kinesins, respec-
tively. When ‘outward’ forces are reduced, spindles collapse.
Maiato et al. [5] report that MAST/Orbit is also required to main-
tain the separation of spindle poles and so contributes to this
pathway. (B–D) Chromosome motility. Following nuclear enve-
lope breakdown at prometaphase, chromosomes associate
with microtubules from both centrosomes and are maneuvered
to the equatorial plate of the spindle (B). This equatorial posi-
tion is maintained during metaphase (C). At the onset of
anaphase, the molecular bonds between sister chromatids are
dissolved and chromatids separate (D) towards opposite
spindle poles. MAST/Orbit is required for normal chromosome
motility.
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‘balance-of-forces’ pathway that determines pole–pole
spacing of spindles [15] (Figure 1). When KLP61F is
inhibited, bipolar spindles collapse to monoasters
[16]. The implications of this similarity were exciting,
if not entirely clear — was it possible that MAST/Orbit
works cooperatively with KLP61F to maintain spindle
bipolarity? Such a finding would be a new and impor-
tant addition to our understanding of mitotic MAP
function and could ultimately reveal a degree of func-
tional inter-dependence of MAPs and motors that had
not been considered. Unfortunately, given the data at
hand, such an interpretation was impossible. One
obvious problem is that it was not clear how the
mono-astral spindles had formed in mast/orbit mutants.
Had bipolar spindles collapsed? Was the initial sepa-
ration of centrosomes — which form the spindle
poles — defective? And so on... Because the initial
analyses of mast/orbit were performed on fixed
samples, there was no way to tell.
In their most recent study, Maiato et al. [5] addressed
this issue in a most conclusive manner by employing
time-lapse confocal microscopy to visualize mitosis in
live, MAST/Orbit-deficient, Drosophila embryos. To
carry out this analysis, a gfp::polo transgene, which
labels centrosomes, spindles and kinetochores, was
introduced into fly strains carrying the hypomorphic
mast/orbit mutant allele mast5. Quite remarkably, in
the gfp::polo; mast5 embryos, bipolar spindles were
seen to collapse to monoasters after nuclear envelope
breakdown. Indeed, qualitatively, this is very similar to
the collapse phenotype observed following KLP61F
inhibition [16]. While minor differences are apparent in
the timing and rates of collapse, these could be
explained by differing degrees of protein inactivation.
As if on cue, nearly identical results have been
reported in a functional analysis of the budding yeast
MAST/Orbit homologue Stu1p [6]. Additionally, the
spindle collapse phenotype caused by Stu1p inacti-
vation can be rescued by increasing the dosage of
cin8 [17,18], which encodes a homologue of KLP61F.
Taken together, the findings of these two studies [5,6]
provide compelling support for the hypothesis that
Mast/Orbit proteins maintain the separation of spindle
poles in a manner that is closely inter-related with the
bipolar kinesin motors, such as Cin8p and KLP61F. 
It will be truly fascinating to learn more about how
MAST/Orbit fits into the balance-of-forces pathway for
bipolar spindle maintenance and elongation.
Interestingly, several of the observations reported
by Maiato et al. [5] suggest that MAST/Orbit also
directly influences the interactions between spindles
and chromosomes, consistent with its localization to
kinetochores. For example, prior to spindle collapse at
metaphase, mitosis in gfp-polo; mast5 embryos is
marked by clear defects in the ability of chromosomes
to find stable positions at the spindle equator. More-
over, in Drosophila S2 cells depleted of MAST/Orbit by
double-stranded RNA inhibition (RNAi), apparent
defects in sister chromatid separation arise.
While both observations could be explained as
secondary, resulting from primary defects in spindle
structure, close analysis of the orientation of kineto-
chores on spindle microtubules within affected cells
suggests a more interesting possibility. Specifically in
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Figure 2. The role of MAST/Orbit in
linking kinetochores to spindle
microtubules.
(A,B) Pharmacological stabilization of
microtubules allows kinetochores to make
clear end-on associations with micro-
tubules in MAST/Orbit-depleted cells. (A)
S2 Drosophila tissue culture cell depleted
for MAST/Orbit by RNAi forms a mono-
astral spindle with chromosomes local-
ized close to center of the aster.
Microtubules are shown in red, kineto-
chores in green and chromosomes in
blue. (B) MAST/Orbit-depleted S2 cells
treated with taxol to suppress micro-
tubule dynamics also form monoastral
spindles, but with chromosomes localized
at the periphery of the aster. Note that
many kinetochores appear to be attached
to the plus ends of microtubules. Micro-
tubules are shown in red, kinetochores in
green and chromosomes in blue. (A,B
courtesy C. Sunkel). (C) A model for kine-
tochore-associated MAST/Orbit. Top:
MAST/Orbit associates at kinetochores
with the dynamic ends of microtubules,
promoting their elongation by stimulating
addition of tubulin subunits. This pushes kinetochores away from the associated spindle pole and, together with microtubule-desta-
bilizing factors on the sister kinetochore, helps drive chromosomes toward the equatorial plate of the spindle during prometaphase.
During metaphase, when chromosomes are equatorial and the length of the spindle is constant, such an activity would be required
to precisely balance bulk microtubule-disassembly that occurs at the spindle poles, allowing for the poleward flux of tubulin subunits
through spindle microtubules [20]. Bottom: following inhibition of MAST/Orbit, kinetochores no longer interact with normally dynamic
microtubules, resulting in their inability to become appropriately positioned on the spindle. This results in an imbalance between
microtubule assembly at kinetochores and disassembly at poles causing spindles to shorten. (Panel C courtesy G. Rogers.)
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MAST/Orbit-deficient S2 cells, the normal end-on asso-
ciations between kinetochores and bundles of micro-
tubules appear either not to have occurred or to be
aberrant. Unfortunately, distinguishing between these
possibilities is not easy, as end-on kinetochore attach-
ments to very short or disorganized microtubules are
difficult to discern. In either case, because these
attachments are required for the generation of forces
that position and move chromosomes on the spindle,
such defects could explain the abnormal behavior of
chromosomes following MAST/Orbit-inhibition.
Finally, there is a rather surprising twist to this line of
study that could provide mechanistic insights. Maiato
et al. [5] report that kinetochores do attach to the ends
of microtubule bundles in MAST/Orbit deficient cells if
microtubule-dynamics are suppressed by treatment
with the microtubule-stabilizing drug taxol (Figure 2).
Thus, MAST/Orbit may be required to link kinetochores
specifically to the ends of dynamic microtubules.
These data may foretell of additional inter-relationships
between MAST/Orbit and mitotic motors such as
CENP-E, which has also been proposed to link kineto-
chores to dynamic spindle microtubules [19].
So what is it about this fantastic MAP that allows it
to have such an impact on mitosis? As we do not
know how MAST/Orbit influences microtubule behav-
ior, it is impossible to say. As well as serving as a
tether to dynamic microtubules, it is possible that
MAST/Orbit promotes net microtubule elongation (as
has been demonstrated for some other mitotic MAPs
[8]). Indeed, such an activity at the kinetochore could
potentially explain MAST/Orbit’s role in both spindle
bipolarity and chromosome motility (Figure 2C). Alter-
natively, MAST/Orbit could bundle spindle micro-
tubules to provide architectural support or serve to
localize other factors, such as motors, within the
spindle. Additional levels of complexity are suggested
by observations that the association of MAST/Orbit
with microtubules is GTP dependent and may involve
GTP hydrolysis [3]. This is not a characteristic of other
known MAPs and might be indicative of a novel mech-
anism-of-action. It would seem that we are in for some
surprises. Regardless of the final answers, studies of
MAST/Orbit and the other mitotic MAPs are sure to
reveal important clues as to how a supermolecular
machine, like the mitotic spindle with its full comple-
ment of chromosomes, works with the precision and
coherence required of its function.
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